Ribosomes, the protein factories of living cells, translate genetic information carried by messenger RNAs into proteins, and are thus involved in virtually all aspects of cellular development and maintenance. The few available structures of the eukaryotic ribosome [1] [2] [3] [4] [5] [6] reveal that it is more complex than its prokaryotic counterpart 7, 8 , owing mainly to the presence of eukaryote-specific ribosomal proteins and additional ribosomal RNA insertions, called expansion segments 9 . The structures also differ among species, partly in the size and arrangement of these expansion segments. Such differences are extreme in kinetoplastids, unicellular eukaryotic parasites often infectious to humans. Here we present a high-resolution cryo-electron microscopy structure of the ribosome of Trypanosoma brucei, the parasite that is transmitted by the tsetse fly and that causes African sleeping sickness. The atomic model reveals the unique features of this ribosome, characterized mainly by the presence of unusually large expansion segments and ribosomal-protein extensions leading to the formation of four additional inter-subunit bridges. We also find additional rRNA insertions, including one large rRNA domain that is not found in other eukaryotes. Furthermore, the structure reveals the five cleavage sites of the kinetoplastid large ribosomal subunit (LSU) rRNA chain, which is known to be cleaved uniquely into six pieces [10] [11] [12] , and suggests that the cleavage is important for the maintenance of the T. brucei ribosome in the observed structure. We discuss several possible implications of the large rRNA expansion segments for the translation-regulation process. The structure could serve as a basis for future experiments aimed at understanding the functional importance of these kinetoplastid-specific ribosomal features in proteintranslation regulation, an essential step towards finding effective and safe kinetoplastid-specific drugs.
. The structures also differ among species, partly in the size and arrangement of these expansion segments. Such differences are extreme in kinetoplastids, unicellular eukaryotic parasites often infectious to humans. Here we present a high-resolution cryo-electron microscopy structure of the ribosome of Trypanosoma brucei, the parasite that is transmitted by the tsetse fly and that causes African sleeping sickness. The atomic model reveals the unique features of this ribosome, characterized mainly by the presence of unusually large expansion segments and ribosomal-protein extensions leading to the formation of four additional inter-subunit bridges. We also find additional rRNA insertions, including one large rRNA domain that is not found in other eukaryotes. Furthermore, the structure reveals the five cleavage sites of the kinetoplastid large ribosomal subunit (LSU) rRNA chain, which is known to be cleaved uniquely into six pieces [10] [11] [12] , and suggests that the cleavage is important for the maintenance of the T. brucei ribosome in the observed structure. We discuss several possible implications of the large rRNA expansion segments for the translation-regulation process. The structure could serve as a basis for future experiments aimed at understanding the functional importance of these kinetoplastid-specific ribosomal features in proteintranslation regulation, an essential step towards finding effective and safe kinetoplastid-specific drugs.
The uniqueness of the T. brucei ribosomes, and those of other kinetoplastids, was highlighted by the discovery that the LSU rRNA chain is processed into six pieces [10] [11] [12] . The rRNA secondary structure of T. brucei ( Supplementary Fig. 1a, b) pointed to the existence of several interesting features, such as the size of several expansion segments. A comparison of T. brucei ribosomal protein sequences with those of eukaryotic homologues 13 revealed the presence of T. brucei-specific large protein extensions. However, the arrangement and the structure of these features have remained unknown, although a low-resolution cryo-electron microscopy (cryo-EM) study of the Trypanosoma cruzi ribosome has been reported previously 14 . It is worth noting that gene expression in trypanosomes is primarily regulated post-transcriptionally (see ref. 15) , at the protein-translation level. Several observations suggest that there are differences in both translation and translational regulation between T. brucei (and kinetoplastids in general) and other eukaryotes. For example, kinetoplastid messenger RNAs have a 35-nucleotide conserved spliced leader that is trans-spliced onto their 59 ends (see ref. 16 ) and that has a markedly modified cap. In addition, unique protein factors are involved in the maturation of the T. brucei ribosomes 17 , whereas several eukaryotic initiation factors (eIF-4B, eIF-3 subunit P135 and eIF-3 subunit 3) and the eukaryotic ribosomal recycling factor (eRRF) are absent 18 .
Here we present a high-resolution cryo-EM structure of the T. brucei ribosome, and with this information we model the atomic structure of the ribosome using a combination of map segmentation 19, 20 , homology modelling, ab initio rRNA modelling based on covariation analysis with S2S and Assemble 21, 22 , and the molecular dynamics flexible fitting (MDFF) method 23 (see Methods). The cryo-EM map was reconstructed from approximately 164,000 particles (see Methods). The T. brucei ribosome is in the inter-subunitrotated state, with a transfer RNA at the exit (E) site (Fig. 1a, b) . A measurement of local resolution (see Methods) shows that this is approximately 5 Å in most parts of the map ( Supplementary Fig. 2a ) but that there are small regions of high variance where it reaches 9 Å . Consistent with this, the three-dimensional variance 24 of the T. brucei ribosome map ( Supplementary Fig. 2b ) shows little structural variability, with the exception of the inter-subunit space where tRNA and translation-factor binding takes place, and areas around the L1 and P stalks. At the tRNA binding sites, the three-dimensional variance points mostly to the intermittent presence of tRNAs at the A and P sites. As our ribosomes are purified directly from T. brucei cell extracts, and therefore include a large proportion of translating ribosomes, such heterogeneity is expected. Data classification (see Methods) was attempted on a subset of the particles, but presumably because of the local nature of the variability it was not possible to identify distinct classes. Most of the T. brucei ribosome particles seem to exist in the same state. Periodically arranged densities for the phosphate groups along the rRNA strands and indications of protein side chains are visible ( Supplementary Fig. 2c ) in most regions of the map, and a comparison of the experimental cryo-EM map with simulated density maps generated from the atomic model, at a resolution of 5.0 Å (Supplementary Fig. 2d ), validate our resolution estimation.
The first notable observation is the unusual size of several expansion segments (Fig. 1) . In the small ribosomal subunit (SSU), expansion segments ES3S, ES6S, ES7S and ES9S seem to be several times larger than in other 80S ribosomes of known structure (Fig. 1c) . Expansion segments ES4L, ES7L, ES19L, ES27L and ES31L of the LSU (Fig. 1d) are also considerably larger than in other known eukaryotic ribosomes. An additional domain on the LSU, which we refer to as the kinetoplastid-specific domain (KSD), is situated in the vicinity of ES7L (Fig. 1, red) . These observations are consistent with the rRNA sequence and secondary structure in both ribosomal subunits 25 (Supplementary Fig. 1 ). We were able to model all proteins of the T. brucei ribosome ( Fig. 2 and Supplementary Fig. 2d ), except for some unstructured tails, and we were able to model the rRNAs in their entirety, with the exception of parts of ES27L and ES9S, which have poorly resolved densities due to their dynamic behaviour.
Our atomic model of the T. brucei ribosome reveals the structures of its expansion segments and its additional rRNA insertions (in both subunits) (Fig. 2a, b) . These expansion segments and insertions represent a substantial additional mass compared to other known eukaryotic ribosomes (Fig. 2c, d ). In spite of this addition and the change in the rRNA arrangement at several sites (Supplementary Fig. 3a, c) , the structures and binding sites of ribosomal proteins are conserved ( Supplementary Fig. 3b, d) , as exemplified by proteins S7e on the SSU and L19e on the LSU (Fig. 3a) . The high homology of these proteins with their counterparts in yeast contrasts with the differences in the arrangement of the surrounding rRNA context, formed by expansion segments ES6S, ES27L and ES31L (Fig. 3a) .
The largest expansion segments are concentrated mostly in the regions of the LSU L1 stalk and the platform of the SSU. These large expansion segments form four additional inter-subunit bridges that are not seen in either of the two available 80S structures [1] [2] [3] [4] (Fig. 3a) . We refer to these bridges as B Tb -1 B Tb -2 B Tb -3 and B Tb -4 (Tb, T. brucei). B Tb -1 is formed by three contacts (Fig. 3a and Supplementary Fig. 4a) ; B Tb -1a, SSU ES7S helix A with LSU ES31L helix C. B Tb -1b, SSU ES7S helix A with L34e carboxy-terminal extension accompanying ES31 helix C. B Tb -1c, SSU ES6S helix F with LSU ES31L helix C. This first bridge seems to be stronger in the T. cruzi density map published previously 14 ( Supplementary Fig. 4a ). B Tb -2 is formed by SSU ES6S helix G and LSU ES27L helix A ( Fig. 3a and Supplementary Fig. 4b ). This bridge is not established in T. cruzi despite the presence of its components. B Tb -3 is formed by SSU ES12S and a trypanosomespecific expansion segment grafted onto one of four short ribosomal RNAs in T. brucei (we refer to this here as srRNA-4-ES; expansion segment on short rRNA 4) ( Fig. 3a and Supplementary Fig. 4c ). This bridge is the strongest among the four, as seen from the T. brucei and T. cruzi density maps. B Tb -4 is formed by SSU ES3S helix C and LSU ES27L helix B ( Fig. 3a and Supplementary Fig. 4d ), but the cryo-EM density of this bridge is poorly resolved and can be observed only at a low-density threshold in T. brucei, probably owing to the inherent flexibility of ES3S and ES27L. In contrast, in T. cruzi this bridge is visible at a relatively high-density threshold.
In terms of the enigmatic processing of LSU rRNA into six pieces, two large ribosomal RNAs, LSU-a and LSU-b, and four short ribosomal RNAs (which we refer to here as srRNA 1, srRNA 2, srRNA 3 and srRNA 4), our structure shows the arrangement of these pieces. Although the processing of the LSU rRNA into two large pieces has been observed in other organisms (see ref. 10) , only trypanosomes and other kinetoplastids 10 show such extensive processing. srRNA 1, which is composed of approximately 220 nucleotides 11, 12 , is generated from the main immature rRNA of LSU by the removal of two flanking sequences ( Supplementary Fig. 5a ), by splitting the main immature rRNA chain of the LSU into two components, LSU-a and LSU-b (Fig. 3a) . These flanking sequences are localized at the positions of LSU ES20L and ES26L, respectively, which are also found in other eukaryotic ribosomes 9 (next to H54 on LSU domain III) 12 . It is possible that LSU expansion segments ES20L and ES26L in kinetoplastids have evolved to become cleavage sites. srRNA 1 is structurally very similar to its homologous region on domain III in yeast ( Supplementary Fig. 5b ), except that it bears an expansion segment, which we name srRNA-1-ES. It is interesting to note that LSU ES19L is two to three times larger in T. brucei than it is in other 80S ribosomes (Fig. 3) . srRNA 1 cleavage in T. brucei seems to remove a piece of rRNA that would otherwise collide with ES19L. It is possible that this cleavage was an expedient evolutionary solution to allow room for the unusually large ES19L. However, the functional importance of ES19L is unknown. 
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The remaining srRNAs (srRNA 2, srRNA 3 and srRNA 4 (180, 70 and 140 nucleotides, respectively)) were suggested previously, based on sequence conservation and two-dimensional modelling, to interact with one another and mimic the missing last domain of the LSU-b rRNA in the T. brucei ribosome, corresponding to domain VI in yeast and other 80S ribosomes 12 . Our structure confirms this hypothesis and shows, in addition, that srRNA 2, srRNA 3 and srRNA 4 interact directly with the KSD (Fig. 4a , left and middle) to form one single stable domain similar to domain VI in other 80S ribosomes (Fig. 4a,  right) . Similar to the processing of srRNA 1, the processing of srRNA 2, srRNA 3 and srRNA 4 may be, at least in part, a structural necessity. Indeed, the existence of KSD in the structure and conformation observed is possible only if several pieces of rRNA are cleaved, as they would otherwise collide with KSD. The cleavage sites correspond to LSU expansion segments ES36L and part of ES39L in other eukaryotic ribosomes, and the cleavage yields the three srRNAs. The bundle formed by srRNA 2, srRNA 3, srRNA 4 and KSD is anchored in place through two specific protein extensions on L14e and L31e that hug the rRNA bundle (Fig. 4a, middle) . There is also a unique interaction between srRNA 2 and domain I of LSU-a rRNA (Fig. 4a, arrow) . This interaction occurs between a proximal stem-loop on srRNA 2 and another stem-loop, part of a T. brucei expansion segment between helices 19 and 20 on the LSU-a rRNA domain I, which we call ES42L. Although the effect of this connection is unknown, we speculate that it may contribute to maintaining the structure of the srRNAs bundle. T. brucei ribosome 5S and 5.8S rRNAs are very similar to their counterparts in yeast, except that ES3L on the 5.8S rRNA is larger.
No trypanosome-specific proteins were found, based on the analysis of the density map. However, several T. brucei ribosomal proteins have evolved specific helical extensions that interact with the additional rRNA mass and contribute towards stabilizing the extended expansion segments in their observed conformations (Fig. 4b) . In other cases, ribosomal protein tails have adopted different structures. On the LSU, L4 presents a long amino-terminal helical tail, different in the other available structures, which is probably due to the presence of a large, trypanosome-specific rRNA helical insertion in LSU ES7L, helix A (Fig. 4b) . On the SSU, the trypanosomal RACK1 protein (also known as guanine nucleotide-binding protein subunit b-like protein) is found in its conserved binding site (Fig. 2a) , which contrasts with T. cruzi ribosome 14 , in which trypanosomal RACK1 was missing from the density map, for a reason that is unresolved 26 . An interesting protein-rRNA interaction is formed by ribosomal protein S6e with expansion segments ES3S and ES6S (Fig. 3a, black  circle) . Ribosomal protein S6e possess an unstructured C-terminal tail, unresolved in both yeast 80S 1, 2 and Tetrahymena thermophila 40S subunit structures 5 . This tail is involved in translation regulation by phosphorylation of several serine residues recognized by S6e kinases (RSK and S6K) in higher eukaryotes and many lower eukaryotes (see ref. 27 ). The T. brucei S6e C-terminal tail contains a conserved RXXSS motif, recognizable by S6 kinases, and seems to have a helical structure (Fig. 3a, black circle, and Supplementary Fig. 6 ). The S6eC-terminal tail is surrounded by additional parts of SSU expansion segments ES3S and ES6S shielding the phosphorylation site, Ser 233 and Ser 234 ( Supplementary Fig. 6 ), and could render it inaccessible to kinases on the ribosome. This is suggestive of a difference in translation regulation between trypanosomes and higher eukaryotes.
The role of the kinetoplastid-specific expansion segments in the regulation of the translation process remains unknown. In fact, very little is known about the translation regulation in kinetoplastids. However, the localization and the arrangement of the specific expansion segments, revealed by our structure, suggest the importance of several elements. In T. brucei, SSU expansion segments ES6S and ES7S are localized near the mRNA channel exit and are poised for a potential role in the regulation of translation initiation. The localization of expansion segments ES6S and ES7S on the SSU, near the mRNA channel exit, suggests their possible interaction with the mRNA spliced leader and its unusually modified cap, but also with eIF3 (refs 28, 29) . It is interesting to note that SSU expansion segments ES6S and ES7S collide with the proposed binding site of eIF3 (ref. 29) (Fig. 4c) . The initiation factor eIF3 does exist in trypanosomes 18 ( Supplementary  Fig. 7) ; in T. brucei it contains at least seven or eight subunits. The structure here suggests that the proposed binding site of eIF3 (ref. 29) may require reconsideration. The T. brucei ribosome structure may alternatively suggest that the SSU interaction with eIF3 is different from that in other eukaryotes, and that expansion segments ES6S and ES7S may have an important role in this interaction.
It was found that the T. brucei ribosome interacts with specific factors involved in translation regulation (such as L34 and L37 (not to be confused with the LSU proteins of the same name)) 17 that are required in the maturation and cytoplasmic exportation of the LSU. It is possible that kinetoplastid-specific expansion segments are involved in the binding of such specific factors that regulate the translation process. This hypothesis 
is supported by the observation that T. brucei expansion segments contain several pyrimidine-rich internal loops, that have been suggested to be important for protein recognition or binding to other RNA elements 30 .
In conclusion, our cryo-EM study reveals that the T. brucei ribosome has an unusual structure and shows the unique arrangement of its expansion segments. These features may have consequences for the regulation of translation in trypanosomes. Our results may explain, in structural terms, the rationale for the processing of LSU rRNA into six pieces. More generally, our structure highlights the extraordinary diversity of ribosome structures among eukaryotes. We believe that these findings provide a basis for future investigations of translation regulation in kinetoplastids and of the function of the specific expansion segments, opening the door to the development of new drugs.
METHODS SUMMARY
Trypanosome culture and ribosome isolation. Pro-cyclic forms of T. brucei strain TREU 667 were grown at 27 uC. Cell pellets were washed and resuspended in SKS buffer containing 5 mM EGTA, 0.5% Triton X-100 and protease inhibitor cocktail (0.5 mM TLCK (N-tosyl-L-leucine chloromethyl ketone), 0.1 mM PMSF (phenylmethylsulphonyl fluoride), 25 mg ml 21 aprotinin, 10 mg ml 21 leupeptin). Cells were freeze-thawed. Several centrifugation steps were used to obtain a ribosome-enriched pellet that was resuspended in a buffer containing 20 mM HEPES, pH 7.2, 10mM MgCl 2 , 500 mM KCl and 5 mM b-mercaptoethanol. The suspension was clarified and ribosomes were purified. Electron microscopy and image processing. Three microlitres of each sample were applied to holey carbon grids (carbon-coated Quantifoil 2/4 grid, Quantifoil Micro Tools, GmbH) containing an additional continuous thin layer of carbon, and glowdischarged. Grids were blotted for 6 s at 4 uC in 100% humidity and vitrified by plunging rapidly into liquid ethane at 2180 uC with a Vitrobot (FEI). Cryo-EM data were acquired under low-dose conditions (25 electrons (e 2 ) per Å 2 ) on a Tecnai F30 Polara (FEI) operating at 300 kV. The micrographs were taken at a nominal magnification of 359,000 on Kodak SO-163 film. The data were processed using SPIDER. The data windows were inspected manually. The contrast transfer function (CTF) of the reconstructions was corrected by phase-flipping the particles using the defocus value estimated for each micrograph and a single reconstruction was obtained from the entire data set using conjugate gradients with regularization (BP CG command in SPIDER). Ribosomal RNA and protein modelling and fitting. The T. brucei SSU and LSU rRNA were modelled by homology, and rRNA expansion segments were modelled mostly ab initio by performing a covariation analysis against a number of orthologous rRNA sequences found in other related kinetoplastids. The ribosomal proteins were modelled mostly by homology. The resulting models were fitted using the MDFF method 23 .
Full Methods and any associated references are available in the online version of the paper.
METHODS
Trypanosome culture and ribosome isolation. Pro-cyclic forms of T. brucei strain TREU 667 were grown at 27 uC in a semi-defined medium supplemented with 10% heat-inactivated fetal bovine serum and 25 mM HEPES, as described previously 31 . For ribosomal isolation, cells were grown to a density of 0.5-1.2 3 10 7 cells per ml in a 4 l volume, and collected by 10 min centrifugation at 6,000g.
Ribosomes were prepared using a method described previously 32 , but with slight modifications. In brief, cell pellets were washed three times with SKS buffer (0.25 M sucrose, 5 mM KCl) and resuspended in SKS buffer containing 5 mM EGTA, 0.5% Triton X-100 and protease inhibitor cocktail (0.5 mM TLCK, 0.1 mM PMSF, 25 mg ml 21 aprotinin, 10 mg ml 21 leupeptin). The cells were freeze-thawed five times and ruptured further using 10 strokes of a Dounce homogenizer. Centrifugation steps described previously 1 were used to obtain a ribosome-enriched pellet, and the pellet was resuspended in a buffer containing 20 mM HEPES, pH 7.2, 10 mM MgCl 2 , 500 mM KCl and 5 mM b-mercaptoethanol. The suspension was clarified and ribosomes were purified using methods described previously 1 , however, 20 mM HEPES, pH 7.2, was substituted for Tris in all buffers to reduce ribosomal aggregation. Electron microscopy. Three microlitres of each sample was applied to holey carbon grids (carbon-coated Quantifoil 2/4 grid, Quantifoil Micro Tools GmbH) containing an additional continuous thin layer of carbon 33 , and glowdischarged. Grids were blotted for 6 s at 4 uC in 100% humidity and vitrified by plunging rapidly into liquid ethane at 2180 uC with a Vitrobot (FEI) 34, 35 . Data were acquired under low-dose conditions (25 e 2 per Å 2 ) on a Tecnai F30 Polara (FEI) operating at 300 kV. The micrographs were taken at a nominal magnification of 359,000 on Kodak SO-163 film using the automated data collection system AutoEMation 36 , and scanned on a Nikon Super Coolscan 9000 ED with a step size of 6.35 mm, resulting in a pixel size of 1.09 Å on the object scale. Image processing. The data were processed using SPIDER 37 . Approximately 700,000 particle windows were automatically extracted from 1,100 film-recorded micrographs using the lfcpick.spi spider batch file 8 (a batch file of SPIDER commands that extracts potential particles by template matching) with a window size of 500 pixels and a pixel size of 1.09 Å . The windows were inspected manually; only particles with high contrast were selected, and those in contact with other particles were eliminated. This conservative manual verification step yielded approximately 164,000 particles in total. Reconstruction was carried out following standard SPIDER protocols for reference-based reconstruction 38 , except that contrast transfer function of the reconstructions was corrected by phase-flipping the particles using the defocus value estimated for each micrograph and a single reconstruction was obtained from the entire data set using conjugate gradients with regularization (BP CG command in SPIDER). The resolution at FSC 5 0.5 for the final reconstruction was estimated at 5.57 Å (Supplementary Fig. 2C ). However, this resolution is an average of the local resolutions over all of the ribosome and it underestimates most of the ribosome volume that is resolved at approximately 5.0 Å (see below).
Maximum-likelihood classification 39 , on a subset of 40,000 particles taken from the full data set, was attempted using the XMIPP package 40 . The full T. brucei reconstruction was used as a seed for four classes. The resulting classes were all very similar, as expected based on the three-dimensional variance calculation (see below) and the resolution of the map, probably as a consequence of most of the ribosomes being in the same state. No further classification was attempted.
We attribute the high resolution obtained in our study to several factors; first, the CTF correction procedure by phase-flipping, which has the advantage of correcting the CTF more precisely at the micrograph level; second, carrying out the three-dimensional reconstructions (including all the phase-flipped particles) at once, instead of summing different reconstructions issued from different defocus groups; third, the global homogeneity of the sample in our study; and finally, the very carful particle selection. Local resolution estimation and filtering. The local resolution was estimated on the final map using the 'blocres' module, part of Bernard's Software Package (Bsoft; http://lsbr.niams.nih.gov/bsoft/) 41, 42 . The three-dimensional map depicting local resolutions showed that the ribosome volume has a resolution of approximately 5.0 Å (at FSC 5 0.5) that concerns mostly the core (Supplementary Fig. 2A) , and a resolution between 5 and 6 Å at the outer shell, whereas regions of higher variability have resolutions ranging between 7 and 9 Å . The T. brucei cryo-EM map was filtered according to the estimated local resolution using the following procedure: the map was segmented in accordance with the local resolution using the Segger module 43 implemented in the Chimera UCSF program 44 . The segments obtained were filtered according to their local resolution and then merged together into one map. Map segmentation. A detailed description of the segmentation protocol can be found in the Supplementary Information section. A preliminary segmentation of the T. brucei map was carried out using Segger 43 , now implemented in Chimera 44 , and VolRover 45 (see also protocols described in refs 46-48). These preliminary segments were used during the atomic modelling process. After the atomic model was obtained, we used it to re-segment the T. brucei map more accurately (see Supplementary Information). Three-dimensional variance estimation. The particle windows were binned six times for the three-dimensional variance estimation step, to reduce the large amount of time and memory required for this operation, resulting in a pixel size of 6.54 Å . The three-dimensional variance map was computed using the bootstrapping method, developed by several groups [49] [50] [51] [52] , in the following way: 40,000 bootstrap reconstructions were generated, each of which was reconstructed from n particle projections that were randomly sampled with replacement from the total set of approximately 164,000 particles. To enhance the signal-to-noise ratio of the three-dimensional variance, the bootstrap volumes were filtered to a resolution corresponding to approximately half the frequency of the first zerocrossing of the CTFs. The structural variance was estimated as the sample variance of the bootstrap volumes minus the variance of the noise, and the difference was then multiplied by n (ref. 50) . In this estimation, the noise variance is assumed to be uniform across the map 50 . Ideally, the three-dimensional variance map should reflect only regions of high conformational changes, including presence versus absence of a ligand such as a protein or a tRNA. Here, the low-pass filtration was necessary to reduce the noise variance. However, the filtering also introduces spatial correlation of the noise, and the resulting variance map is distorted to some extent by the noise variance (as verified using simulations). Ribosomal RNA modelling. The T. brucei rRNAs were modelled using a workflow combining ab initio and homology approaches and can be found in the online Supplementary Information section, schematized in Supplementary Fig. 8 . The 18S rRNA (SSU rRNA) was modelled based on the T. thermophila 40S crystal structures 5 . The LSU rRNA was modelled based on the yeast ribosome crystal structure 2 . The LSU and SSU rRNAs were modelled by homology using the S2S tool 21 . T. brucei and other kinetoplastid rRNA sequences were fetched from the SILVA webserver (http://www.arb-silva.de/) 53 and the comparative RNA website and project (CRW site) (http://www.rna.icmb. utexas.edu/) 54 . T. brucei expansion segments were modelled mostly ab initio by performing a covariation analysis on each one of these expansion segments sequences against a number of orthologous rRNA sequences found in other related kinetoplastids, using the mlocarna algorithm 55 . This allowed deriving a consensus secondary structure that was used in the Assemble tool 22 and three-dimensional models were generated for each expansion segment and fitted into the EM map. Modelling of ribosomal proteins. The modelling workflow can be found in the Supplementary Information, and it is schematized in Supplementary Fig. 10 . The ribosomal proteins were modelled by homology to mainly three crystal structures, the yeast ribosome 2 , the T. thermophila 40S subunit in complex with eIF1 (ref. 5) , and the 60S subunit with eIF6 (ref. 6 ). The T. brucei ribosomal protein sequences, used as inputs for the homology modelling, were taken from the National Center for Biotechnology Information (NCBI) protein databases (http://www.ncbi.nlm. nih.gov/). Swiss-Model web server was used for protein structure homology modelling (http://swissmodel.expasy.org/) 56, 57 . We used the Phyre and the Phyre2 web servers 58 for the ab initio modelling of the missing fragments and extensions into the density map. We assessed the structure of each model using the MolProbity web server (http://molprobity.biochem.duke.edu/) 59, 60 . Molecular dynamics flexible fitting method. A detailed description of the MDFF method can be found in the Supplementary Information. The initial system was prepared for MDFF 23 using Visual Molecular Dynamics (VMD) 61 and run in the Not Another Molecular Dynamics (NAMD) program 62 for 1.5 ns of simulation time.
